Two of the most important parameters in supersymmetry are the masses of the stop and sbottom, the supersymmetric partners of the third generation quarks. A stop mass lighter than 1 TeV is favored theoretically; however, "conventional" searches based on the simplified models have not produced experimental evidence for a light stop. It is possible that the light stop evades our searches due to a compressed sparticle mass spectrum. Therefore, the searches are extended to cover a broader range of signal scenarios with different mass splittings between the stop, neutralino(s), and chargino(s). The searches are then interpreted in the context of both simplified models and pMSSM models. Recent ATLAS results from searches for direct stop (sbottom) pair production are presented in final states with jets and missing transverse-momentum (and leptons). The analyses are based on 36 fb −1 of √ s=13 TeV proton-proton collision data recorded with ATLAS detector at
Introduction
The hierarchy problem [1, 2, 3, 4] has gained additional attention with the observation of the Standard Model (SM) Higgs boson at the Large Hadron Collider (LHC) [5] . Supersymmetry (SUSY) [6, 7, 8, 9, 10, 11, 12, 13, 14] , which extends the SM by introducing supersymmetric partners for every SM degree of freedom, can provide an elegant solution to the hierarchy problem. The dominant divergent contribution to the Higgs boson mass due to loop diagrams involving top-quarks can be largely cancelled by introducing the stop because of its large Yukawa coupling.
The masses of the third-generation squarks, and in particular the mass of the stop, can be significantly lower than those of the other generations, with masses well within the reach of LHC. This is possible with large stop mixing (achievable due to the large top-quark Yukawa coupling) and because of the strong effect of the renormalisation group equations for the third-generation squarks. If the light stop is mostly composed of the left-handed state, a sbottom (the superpartner of the bottom quark) can also be light, as the masses of the two states are controlled by a common mass parameter at tree-level.
General models of SUSY need not conserve baryon number (B) and lepton number (L), resulting in a proton lifetime shorter than current experimental limits. This is commonly resolved by introducing a multiplicative quantum number called R-parity, which is 1 and −1 for all SM and SUSY particles, respectively. A generic R-parity-conserving minimal supersymmetric extension of the SM (MSSM) predicts pair production of SUSY particles and the existence of a stable lightest supersymmetric particle (LSP). This is also the assumption throughout the article.
This article presents various searches (stop 0-lepton, stop 1-lepton, stop 2-lepton, and sbottom) based on newly available CONF notes and papers [15, 16, 17, 18] for direct stop (sbottom) pair production in final states with zero or non-zero isolated charged leptons and jets including b-tagged jets. In R-parity conserving scenarios, the two weakly-interacting LSPs will escape detection, which can lead to significant missing transverse-momentum E miss T .
ATLAS detector
The ATLAS detector [19] is a multipurpose particle physics detector with nearly 4π coverage in solid angle around the collision point. It consists of an inner tracking detector (ID), surrounded by a superconducting solenoid providing a 2 T axial magnetic field, a system of calorimeters, and a muon spectrometer (MS) incorporating three large superconducting toroid magnets.
The ID provides charged-particle tracking in the range |η| < 2.5. High-granularity electromagnetic and hadronic calorimeters cover the region |η| < 4.9. The central hadronic calorimeter is a sampling calorimeter with scintillator tiles as the active medium and steel absorbers. All of the electromagnetic calorimeters, as well as the endcap and forward hadronic calorimeters, are sampling calorimeters with liquid argon as the active medium and lead, copper, or tungsten absorbers. The MS consists of three layers of high-precision tracking chambers with coverage up to |η| = 2.7 and dedicated chambers for triggering in the region |η| < 2.4. Events are selected by a two-level trigger system: the first level is a hardware-based system and the second is a software-based system. Analyses presented here are based on a dataset corresponding to a total integrated luminosity of 36.1 fb 3 Searches for direct stop pair production
Signal models
The general analysis strategy is to probe a broad range of the possible realisations of SUSY scenarios, taking the approach of defining dedicated search regions to target specific but representative SUSY models. The phenomenology of each model is largely driven by the composition of its lightest supersymmetric particles, which are considered to be some combination of the electroweakinos: the supersymmetric partners of the SM gauge bosons and Higgs boson. In practice, this means that the most important parameters of the SUSY models considered are the masses of the electroweakinos and of the colour-charged third generation sparticles.
Searches are conducted targeting signals described either by simplified models or the phenomenological MSSM (pMSSM) models. In simplified models, the masses of all sparticles are set to high values ("decoupled") except for the few sparticles involved in the decay chain of interest. In pMSSM models, each of the 19 free pMSSM parameters are set to some fixed, physically-motivated values, except for two mass parameters which are scanned. The set of models used are chosen to give broad coverage of the possible phenomenology of stop decays that can be realised in the MSSM, in order to provide a general statement on the sensitivity of the search for direct stop production. 'Natural' models of SUSY suggest low-mass stops and a higgsino-like LSP. In such scenarios, the typical mass splitting (∆m) between the LSP andχ ± 1 varies between a few hundred MeV to several tens of GeV depending mainly on the mass relation amongst the electroweakinos. For this analysis, a simplified model is designed for various ∆m(χ The stop decays into either bχ The 'Well-tempered Neutralino' scenario seeks to provide a viable dark matter candidate while simultaneously addressing the problem of naturalness by targeting a LSP that is an admixture of bino and higgsino. The mass spectrum of the electroweakinos (higgsinos and bino) is expected to be slightly compressed, with a typical mass splitting between the bino and higgsino states of 20-50 GeV. A pMSSM signal model is designed such that low fine-tuning of the pMSSM parameters is satisfied and the annihilation rate of neutralinos is consistent with the observed dark matter relic density, Ωh 2 , where Ω is the density parameter and h is Hubble constant (0.10 < Ωh 2 < 0.12).
Event selection
Dedicated analyses are designed to achieve sensitivity to the broad range of scenarios mentioned above. Each of these analyses corresponds to a set of event selection criteria, referred to as a signal region (SR). All regions are required to have isolated lepton(s), jets, and large E miss T
. In most cases, at least one b-tagged jet is also required. A set of preselection criteria is defined to monitor the modelling of the kinematic variables in simulated events. The preselection criteria are also used as the starting point for the SR optimisation. For the 1-lepton analysis, in order to reject multijet events, requirements are imposed on the transverse mass (m t ) and the azimuthal angles between the leading and sub-leading jets and E miss T . For the 2-lepton analysis, oppositely charged leptons are required with an invariant mass greater than 20 GeV in order to remove leptons originating from low mass resonances.
Discriminating variables
The backgrounds after preselection are dominated by the (semi-leptonic and dileptonic) tt process. Additional discriminating variables help reduce the backgrounds further while retaining signals. The m T2 [20] variables are widely used in stop searches, generalising transverse mass to signatures with two particles that are not directly detected. The am T2 variable targets dileptonic tt events where one lepton is not reconstructed, while the m τ T2 variable targets tt events where one of the two W -bosons decays via a hadronically decaying τ lepton. For the 1-lepton analysis, reconstructing the hadronic top-quark decay (top-tagging) can provide additional discrimination against dileptonic tt events, which do not contain a hadronically decaying top-quark. In the diagonal region where mt 1 ≈ m t + mχ0 1 , the momentum transfer from thet 1 to theχ 0 1 is small, and the stop signal has very similar kinematics to the tt process. In order to achieve good signalto-background separation, a boosted decision tree (BDT) technique is employed. Furthermore the recursive jigsaw reconstruction (RJR) technique [21] is employed, which defines a new set of observables based on the assignment of physics objects in the event to the "initial-state-radiation" and "sparticle" systems. The RJR variables are used as input of the BDT analysis.
Background estimation
The main background processes after the signal selections include tt, single-top W t, tt + Z(→ νν), W +jets and diboson processes. Each of these SM processes are estimated by building dedicated control regions (CRs) enhanced in each of the processes, making the analysis more robust against potential mis-modelling effects in simulated events and reducing the uncertainties on the background estimates. The backgrounds are then simultaneously normalised in data for each SR with their associated CRs. The background modelling as predicted by the fits is tested in a series of validation regions (VRs). Systematic uncertainties due to theoretical and experimental effects are considered for all background processes and extrapolated to each SR.
Results
After the determination of the SM background yield in the SR using the simultaneous fit (the so-called background-only fit that includes various CRs but not the SR), the number of observed data events in the SRs are compared to the predicted background yields. Figure 2 shows comparisons between the observed data and the SM background prediction in the SRs from the stop 1-lepton analysis. Comparison of the observed data (n obs ) with the predicted SM background (n exp ) in the signal regions designed targeting the bino LSP scenario [16] . The background predictions are obtained using the background-only fit configuration, and the hashed area around the SM prediction includes all uncertainties. The bottom panels show the difference between data and the predicted SM background divided by the total uncertainty (σ tot ).
As no significant excess is observed, exclusion limits are set based on profile-likelihood fits for stop pair production models. Figures 3 show the expected and observed exclusion contours as a function of stop and LSP mass for bino LSP scenarios. For the pure bino LSP scenario, the exclusion limits are obtained under the hypothesis of mostly right-handed stops, whereas the left-handed stops are assumed for wino NLSP scenarios. The stop masses of up to 940 GeV are excluded for massless LSPs in both scenarios.
Assuming the higgsino LSP scenario, limits are also set on the mass of thet 1 and ∆m(χ Figure 4 shows the expected and observed exclusion contours in the higgsino LSP scenario. Various stop polarisation scenarios that significantly affect the stop decay branching ratio are considered and overlaid. The stop masses of up to 900 GeV are excluded in the higgsino LSP model. Limits are also set on the masses of thẽ t 1 andχ 0 in the well-tempered neutralino scenario as shown in Figure 4 . In the scenario with m q3L < m tR , the expected sensitivity is better than the scenario with m tR < m q3L as sbottom pair production can also contribute to the m q3L < m tR scenario, roughly doubling the signal acceptance. No observed limit is set in the m tR < m q3L scenario, as a mild excess of observed data is seen above the predicted SM background yield in a SR bin in the shape-fit that derives the sensitivity in this scenario.
[GeV] for direct stop pair production in the wino NLSP scenario [16] .
[GeV] decay. In this case it is assumed that theχ ± 1 is almost degenerate withχ 0 1, such that other decay products are too low in momentum to be efficiently reconstructed.
The first set of models lead to a final state with two b-tagged jets, E miss T and no charged leptons. For mixed decays, the final state depends on the branching ratios of the competing decay modes. If the decay modes are equally probable, a large fraction of the signal events are characterised by the presence of a top-quark, a bottom-quark, and LSPs. Hadronic decays of the top quark are targeted by the 0-lepton channel, whilst novel dedicated selections requiring one charged lepton, two b-tagged jets and E miss T are developed for semileptonic decays of the top quark (the 1-lepton channel). A statistical combination of the two channels is performed when interpreting the results in terms of exclusion limits on the masses of the sbottom and LSP.
Two sets of signal regions are defined and optimised with discriminating variables similar to the stop analyses, targeting different decay modes and mass hierarchies of the particles involved. The 0-lepton channel SRs (b0L) are designed to maximise the efficiency to retain sbottom pair production withb 1 → bχ 0 1 decay. The 1-lepton channel selections (b1L) target SUSY models where the sbottom decays with a significant branching ratio ast 1 → bχ ± 1 . The main background in the 0-lepton SRs is Z+jets events accompanying with two btagged jets where Z-boson decays to two neutrinos, while the tt is a dominant background in the 1-lepton SRs. A dedicated data-driven method is employed for the Z+jets background estimate. Other important backgrounds such as tt, single-top W t, and W +jets are normalised in data control regions.
As no significant excess is observed, exclusion limits are set for sbottom pair production models. 
Conclusions
Third-generation squarks have been extensively searched for in the ATLAS experiment and analyses in the leptonic final state are presented. No significant excesses of observed data over predicted background processes have been observed, and exclusion limits have been set on various stop models. For the direct stop pair production models, stop masses up to 940 GeV have been excluded in various LSP scenarios. For the direct sbottom pair production models, sbottom masses up to 940 GeV have been excluded in various decay scenarios.
